Converter controls and flicker study of PMSG-based grid connected wind turbines  by Kasem Alaboudy, Ali H. et al.
Ain Shams Engineering Journal (2013) 4, 75–91Ain Shams University
Ain Shams Engineering Journal
www.elsevier.com/locate/asej
www.sciencedirect.comELECTRICAL ENGINEERINGConverter controls and ﬂicker study of PMSG-based
grid connected wind turbinesAli H. Kasem Alaboudy a,*, Ahmed A. Daoud b, Sobhy S. Desouky b,
Ahmed A. Salem ca Faculty of Industrial Education, Suez Canal University, Suez Campus, Suez, Egypt
b Faculty of Engineering, Port-Said University, Port-Said, Egypt
c Faculty of Engineering, Suez Canal University, Ismailia 41522, EgyptReceived 14 December 2011; revised 26 April 2012; accepted 11 June 2012
Available online 17 July 2012*
E-
Pe
20
htKEYWORDS
Converter control;
Maximum power point
tracking (MPPT);
PMSG;
Variable speed wind turbine
(VSWT);
Voltage ﬂicker;
Wind energy integrationCorresponding author. Mob
mail address: ali_hkasem@y
er review under responsibilit
Production an
90-4479  2012 Ain Shams
tp://dx.doi.org/10.1016/j.asejile: +20
ahoo.com
y of Ain-
d hostin
Universit
.2012.06.0Abstract With the increased penetration of wind power, the inﬂuence of wind turbine generators
on the grid power quality stipulates careful investigation and analysis. Direct driven permanent
magnet synchronous generator (PMSG) with a back-to-back converter set is one of the promising
technologies in wind power generation schemes. In this paper, comprehensive models of wind tur-
bine are used to analyze power and voltage ﬂuctuations. The short time ﬂicker index is used to
assess the voltage ﬂuctuation emitted. The control scheme of the grid-side converter is supported
with a voltage regulation loop to reduce ﬂicker emission. The effects of grid and site parameters
on voltage ﬂuctuation are investigated. Simulation results show that reduced ﬂicker emissions are
given when the developed voltage regulation loop is activated. Reasonable values of grid and site
parameters contribute in the minimization of voltage ﬂuctuation and ﬂicker emission levels.
 2012 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Nowadays, wind power generators represent a prominent facil-
ity for generating renewable and clean bulk power to utility
grids. Basically, there are many good reasons for using more01229345613.
(A.H. Kasem Alaboudy).
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02wind energy on power grids. For instance, wind generation is
supported by not only being clean and renewable but also hav-
ing minimal running cost requirements [1].
The amount of the energy extracted from the wind depends
not only on the incident wind speed, but also on the control
system applied on the wind energy conversion system (WECS).
Typically, maximum wind power extraction is accomplished
by using fully controlled variable speed wind turbine genera-
tors. The rotational speed of wind turbine hub is adjusted
according to the incident wind speed to track the maximum
wind power trajectory [2]. As a power generating unit con-
nected to the grid, the wind turbine generator should have
the capability to control the active and reactive powers injected
to grid. Variable speed wind turbine (VSWT) topologiesier B.V. All rights reserved.
76 A.H. Kasem Alaboudy et al.include many different generator/converter conﬁgurations,
based on cost, efﬁciency, annual energy capturing, and control
complexity of the overall system [3].
Permanent magnet synchronous generator (PMSG) based
variable speed wind turbines are considered appropriate and
feasible technology in wind generation industry since PMSGs
are self-excited, and thus allows operation at high power factor
and high efﬁciency [4–6]. Furthermore, due to its low rota-
tional speed the gearbox can be omitted; where in other
WECSs, the gearbox is one of the most critical turbine compo-
nents, since its failure is highly expected, and, hence, it requires
careful and regular maintenance [7].
Due to the stochastic nature of wind, power and voltage
generated by a wind turbine are more variable than that pro-
duced by conventional generators. With the increased wind
power penetration into the grid, the inﬂuence of wind turbines
on the power quality becomes an important issue, and, hence,
IEC 61400-21 is developed to provide procedures for determin-
ing the power quality characteristics of wind turbines [8].
One of the most important wind-power quality consider-
ations is the effect of voltage ﬂuctuation. The lighting ﬂicker
level is generally used to measure voltage ﬂuctuation. Voltage
ﬂuctuation disturbs the sensitive electric and electronic equip-
ment. This may lead to a great reduction in the life span of
most equipment, ﬂicker has widely been considered as a seri-
ous drawback and may limit for the maximum amount of wind
power generation that can be connected to the grid [9].
Flicker is induced by voltage ﬂuctuations, which are caused
by load ﬂow changes in the grid. The ﬂicker emission produced
by grid-connected variable-speed wind turbines with full-scale
back-to-back converters during continuous operation is
mainly caused by ﬂuctuations in the output power. The output
power variation results from wind speed variations, the wind
shear, and the tower shadow effects [8]. The wind shear and
the tower shadow effects are normally referred to as the 3p
oscillations. As a consequence, an output power drop will ap-
pear three times per revolution for a three-bladed wind turbine
[8–11].
There are numerous factors that affect ﬂicker emission of
grid-connected wind turbines during continuous operation,
such as wind characteristics (e.g. mean wind speed, turbulence
intensity) and grid conditions (e.g. short circuit capacity, grid
impedance angle) [8–10,12]. The type of wind turbine alsoFig. 1 PMSG based windhas an inﬂuence on ﬂicker emission. Variable speed wind tur-
bines have shown better performance related to ﬂicker emis-
sion in comparison with constant speed wind turbines
[10,13]. The better performance of VSWT is due to (1) the buf-
fering effect of the back-to-back converter set, and (2) rotor
speed ﬂexibility that converts power spikes into speed varia-
tions. Although the variable speed wind turbine produces low-
er ﬂicker levels, the ﬂicker study becomes necessary and
imperative as the wind power penetration is continuously
increasing. Several articles present ﬂicker mitigation tech-
niques for induction generator based wind turbines [12,14]. Re-
cently published articles are devoted to address the ﬂicker
emission caused by variable-speed PMSG-based wind turbines
[11,15]. The ﬂicker mitigation techniques proposed in these
articles [11,15] are based on tuning active and reactive powers.
In this paper, a modiﬁed grid-side converter control scheme is
developed to minimize ﬂicker emission.
This paper tackles the performance of grid connected direct
driven PMSG based wind turbines under continuous opera-
tion. The PMSG is connected to the grid at the point of com-
mon coupling (PCC) via an ac–dc–ac back-to-back converter
set. Two control schemes are developed for generator- and
grid-side converters. The control of the generator side con-
verter is developed to achieve maximum power point tracking
(MPPT), while, the control scheme of the grid side converter is
designed to operate at unity power factor and stabilize the dc
link voltage to its nominal value. The control scheme of the
grid-side converter is supported with a voltage regulation loop
to reduce ﬂicker emission. Based on the wind turbine model,
ﬂicker emission of variable speed PMSG-based wind turbines
is investigated during continuous operation. The inﬂuence of
different factors on ﬂicker caused by wind turbines are exam-
ined on normal operation with and without voltage regulation
control loop. Comprehensive models of the WECS and ﬂicker-
meter considering system dynamics, and control actions are
presented in MATLAB/SIMULINK environment.
2. System modeling
Wind energy conversion system converts kinetic energy of the
wind to mechanical energy by means of wind turbine rotor
blades then the generator converts the mechanical power to
electrical power that is being fed to the grid through powerturbine conﬁguration.
Converter controls and ﬂicker study of PMSG-based grid connected wind turbines 77electronic converters. The WECS under study, described in
Fig. 1, consists of two main parts
(a) Mechanical parts: include the aerodynamic system with
the rotor blades and the drive train system (if existed).
(b) Electrical parts: comprised of the PMSG and the back-
to-back converter set [16].
2.1. Mechanical part representation
The mechanical part is responsible for converting wind power
incident on turbine rotor blades which rotate with swept area
(A= pr2), to mechanical power form. The mechanical power
is given as follows:
Pm ¼ 1
2
Cpqpr
2V3w ð1Þ
where q is the air density (kg/m3), r is the blade length (m), Vw
is wind speed (m/s) and Cp is the power coefﬁcient. The value
of Cp is dependent on the tip speed ratio (k) and the blades
pitch angle (b). The blades pitch angle is adjusted by the
embedded pitch controllers and depends on the type and oper-
ating condition of the wind turbine. The mathematical expres-
sion of Cp is given in (2) [17].
Cp ¼ c1 c2ki  c3b c4
 
e
c5
ki þ c6k ð2Þ
The parameters ki and c1–c6 are deﬁned in the Appendix
[17].
The tip speed ratio is given as follows:
k ¼ xtr
Vw
ð3Þ
where xt (rad/s) is the rotational speed of the turbine shaft.
The mechanical input torque, Tm, is given as follows:
Tm ¼ Pmxt ð4Þ
The operating region of wind turbines can be divided into
three states – standstill region, normal operation region and
pitched operation region, as seen in Fig. 2.
In standstill region, the wind turbine rotor is blocked since
the wind power is not worth and could be insufﬁcient to over-
come the friction and inertia of the wind turbine. At the cut-in
speed (indicated at the end border of standstill region), theFig. 2 Turbine opturbine starts to run. In this work, the cut-in wind speed is ta-
ken to be 3 m/s, which is equivalent to xt = 12.15 rad/s.
However, at normal operation region, the turbine starts at
cut in wind speed to follows the MPPT approach, ideally, the
wind turbine should be operated at maximum Cp most of the
time with ﬁxed pitch angle, b= 0. As illustrated in Fig. 3,
the Cp–k family of curves for different pitch angles is given,
where the maximum value of the power coefﬁcient,
Cp_max  0.48, is given at b= 0 and k= kopt  8.1. This re-
gion ends when the wind speed reaches its rated value of
14 m/s that is equivalent to xt = 56.7 rad/s, as seen in Fig. 4
that describes the wind turbine output power characteristics.
Based on Fig. 4, for any particular wind speed there is opti-
mum rotational speed, which gives the maximum power
capturing.
Finally, at pitched operation region, the power captured by
blades is limited by the action of pitch control mechanism. As
the wind speed increases, the power generated by the wind tur-
bine also increases. Once the turbine power rating is reached,
(indicated by the rated wind speed), the pitch angle must be in-
creased to shed the aerodynamic power. As the pitch angle is
increased, and hence, the wind turbine operates at lower
efﬁciency.
Fig. 5 shows how the pitch angle changes when wind speed
increases. From cut in wind speed (3 m/s) to rated wind speed
(14 m/s), the blade is kept at ﬁxed angle b= 0 to achieve
MPPT, However, when the wind speed exceeds 14 m/s, the
pitch control rotate all or part of each blade about its axis with
particular angle to limit the power to its rated value. The stan-
dard wind speed model, presented in [18], is employed to
emerge the wind speed variation at certain mean wind speed
and turbulence values.
2.2. Electrical part representation
2.2.1. PMSG modeling
PMSG converts the mechanical power from aerodynamic sys-
tem to ac electrical power, which is then converted to dc power
through IGBT pulse width modulation (PWM) converter con-
nected with dc link at its dc port. The power is transferred to
the grid through another IGBT pulse width modulation
(PWM) inverter.
The electrical model of the surface mounted PMSG has
been developed in [2,4]. It is typically implemented in the dq
rotating reference frame. The equivalent circuits of the PMSG
in direct and quadrature axes are shown in Fig. 6. The statorerating region.
Fig. 5 Pitch angle for different wind speed values.
Fig. 4 The power characteristic of the wind turbine used in this study.
Fig. 3 Cp–k curves for different values of the pitch angle, b.
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Fig. 6 Equivalent circuits of PMSG: (a) d-axis (b) q-axis.
Converter controls and ﬂicker study of PMSG-based grid connected wind turbines 79voltage equations in the d-q reference frame, Vsd and Vsq, are
given as follows.
Vsd ¼ RsIsd  Ls d
dt
Isd þ LsxeIsq ð5Þ
Vsq ¼ RsIsq  Ls d
dt
Isq  LsxeIsd þ xe/ ð6Þ
where LS, and RS respectively represent the inductance and
resistance of the PMSG winding, / represents the magnet ﬂux,
xe is the electrical rotational speed of generator, and Isd, Isq are
the direct and quadrature components of the machine currents
respectively.
The electromagnetic torque, Te, is given in [2,4].
Te ¼ 3
2
pIsqððLd  LqÞIsd þ /Þ ð7Þ
where Ld, Lq are the two axes machine inductances; p is the no.
of pole pairs.
In surface mounted PMSGs, Ld = Lq = Ls. Hence, the
electromagnetic torque can be rewritten as follows.
Te ¼ 3
2
p  Isq  / ð8Þ
The relation between angular frequency of the stator volt-
age (electrical angular velocity) xe, and mechanical angular
velocity of the generator rotor xm is given below [5]:
xe ¼ xmp ð9Þ2.2.2. Interfacing converters
As shown in Fig. 1, in variable speed wind turbines, PMSG is
connected to the utility grid via a back-to-back set of convert-
ers. The ﬁrst converter, known as the generator side converter,
is connected to the stator windings of the PMSG. While the
other one is known as grid side converter and is connected to
the grid at the PCC via ac ﬁlter. The dc terminals of the two
converters are collected together with shunt dc capacitor. The
power scheme of the each converter simply contains a three-
leg voltage source inverter. However, from control prospective,
different control schemes based on the control functions can be
applied on the inverter switches. Control schemes of the two
converters will be described in details in the following sections.
3. Control of the generator side converter
The generator side converter control ismainly used to control the
wind turbine shaft speed in order to maximize the output power.
In a variable speedwind energy conversion system, themaximum
power at different wind speeds depends on the power coefﬁcient,
Cp. Unfortunately, for wind turbines, Cp is not constant. Theparameters affecting the coefﬁcient Cp are: the tip speed ratio k
and the pitch angle b as illustrated in Fig. 3.To obtain the maxi-
mumpower production (Pmax) from thewind turbine, the turbine
should operate at Cp_max and hence, it is necessary to keep the
generator rotor speed xm to meet the optimum value of the tip
speed ratio (kopt). If the wind speed varies, the rotor speed should
be adjusted to follow the change of the wind speed [19], according
to the maximum power curve shown in Fig. 4. The generator
speed control is typically accomplished through the generator
side converter. Hence, the control of the generator-side converter
allows the generator to tune the rotational speed depending on
the incident wind variation.
To understand the control concept, the equation of motion
should be discussed. The motion equation for a typical gener-
ator is given as follows [6].
J
dxm
dt
¼ Tm  Te  Bxm ð10Þ
where J is the inertia of the whole system including the turbine
and generator (Kg m2), while B friction factor (N m s).
The mechanical rotational speed of PMSG rotor is given
by:
xm ¼ xtGr ð11Þ
where xt is the turbine rotational speed and Gr gear ratio (if
existed). For gearless PMSG based wind turbine Gr = 1.
Based on (10), the generator rotational speed is governed by
the electromagnetic torque, and hence speed control is ob-
tained by generator torque control. From (8), the electromag-
netic torque may be controlled directly by q-axis current
component, Isq, and hence, the speed can be controlled by
changing the q-axis current component. The d-axis current
component Isd is set to zero to minimize the current ﬂow for
a given torque, and thus minimizes the resistive losses [4].
The stator voltage components, Vsd, and Vsq, synthesized
by the generator side converter, can be employed to govern
the generator current components, Isd, and Isq, as seen in
Eqs. (5) and (6). The controller requires feedback from the
PMSG stator current components, Isq, Isd. The error between
measured and reference components is the input of PI control-
ler [5]. Then, compensation terms shown in Eqs. (5) and (6) are
considered to ensure stable and decoupled active and reactive
power control as shown in Fig. 7.Then the output voltage will
be the input of space vector modulation (SVM) to produce
switching signal to drive the generator side converter.
4. Control of the grid side converter
The objective of the grid side converter control is to stabilize
the dc link voltage at its nominal value 750 V. Choosing the
Fig. 7 Block diagram of generator side converter.
Fig. 8 Block diagram of grid side converter.
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voltage seen in the grid side (Vg-LL). The relation is:
VDCP 1.633V g-LL, as declared [20]. Consequently, ensuring
that the active power generated by the generator is fed to the
grid where the capacitor voltage always varies during wind tur-
bine operation [21]. It’s worth mentioned that there are many
control strategies used to perform grid side converter depend-
ing on the reference frame used to perform control strategies.
Here, the synchronous reference frame control strategy is un-
der investigation. The dynamic model of the grid connection,
in reference frame rotating synchronously with the grid volt-
age, is given as follows [4]:
Vgd ¼ Vid  RIgd  L d
dt
Igd þ LxgIgq ð12Þ
Vgq ¼ Viq  RIgq  L d
dt
Igq  LxgIgd ð13Þ
where L and R are the grid inductance and resistance, respec-
tively. Vid and Viq are the inverter voltage components. If the
reference frame is oriented along the supply voltage, the grid
vector voltage is:V ¼ Vgd þ j0 ð14Þ
Active and reactive power can be expressed as follows [4].
Pg ¼ 3
2
VgdIgd ð15Þ
Qg ¼
3
2
VgdIgq ð16Þ
It could be seen from above equations that we can control
the active and reactive powers by respectively changing the d
and q-current components. Also in order to transfer all the ac-
tive power generated by the wind turbine the dc-link voltage
must remain constant [21], as explained in the following con-
straint [22].
C
dVDC
dt
¼ Pt
VDC
 Pg
VDC
ð17Þwhere subscript ‘g’ refers to the grid and ‘t’ refers to the wind
turbine.
Fig. 10 (a) Measured and reference speed of PMSG in rad/s, and (b) Mechanical input and output Electric Power in Watt.
Fig. 9 (a) Wind speed variation in m/s, (b) Tip speed ratio k, and (c) power coefﬁcient Cp.
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the grid power) are equal there will be no change in the dc-link
voltage.
The control strategy of the grid side converter (given in
Fig. 8) contains two cascaded loops. The inner loops control
the grid currents and the outer loops control the dc-link volt-
age and the reactive power. The current control loops could be
employed to dismiss the power quality issues, thus harmonic
compensation are inserted to the action of the current control-
lers to improve it. The outer loops regulate the power ﬂow of
the system by controlling the active and reactive powers deliv-
ered to the grid. Further, unity power factor ﬂow (zero reactive
power exchange) could be easily obtained, unless the grid oper-
ators require different reactive power settings.
In this control strategy, the currents are represented in the
dq synchronous rotating reference frame and controlled with
standard PI controllers. This control transforms the grid volt-
ages and currents from the abc to their equivalents in the dq
reference frame. Worth mentioning that the abc variables aretransformed to dc components (dq components), and thus of-
fers much easier and more feasible controllability. The con-
trol structures developed in this work, use PI controllers
since they have proper performance for controlling dc vari-
ables [22]. It could be seen from Fig. 8 that the outer loops
control the dc voltage by taking the dc voltage reference of
750 V, and the error signal produce Igd reference to inner cur-
rent control loop that control active power. The second chan-
nel controls the reactive power by producing Igq reference to
inner current control loop. The reactive power is set equal to
zero.5. Simulation results
To examine the performance of the implemented control
scheme, two case studies considering different wind speed vari-
ations have been conducted; the parameter of the system is de-
ﬁned in the appendix:
Fig. 11 Simulation results of WECS under grid side converter, case (1): (a) dc link voltage in volt. (b) Grid output active power in Watts,
and (c) Grid output reactive power in Vars.
Fig. 12 (a) Wind speed variation in m/s, (b) Tip speed ratio k, and (c) Power coefﬁcient Cp.
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It is assumed that the wind speed proﬁle varies up and down as
step function with mean wind speed 11.4 m/s, as seen from
Fig. 9a. The time span is 5 s. The controller adjusts the PMSG
rotational speed as the wind speed varies to maintain the opti-
mal tip speed ratio, kopt, as depicted in Fig. 9b. The variation
of Cp with time is demonstrated in Fig. 9c. Irrespective of wind
speed variation, the power coefﬁcient is maintained to its
maximum value Cp_max. At wind speed transitions, shown
t= 0.75 s, 2 s, and 3.5 s there are some minor notches in the
Cp variation, due to the system inertia.
As shown in Fig. 10a, there is a good agreement between
the actual and reference values of the turbine rotor speed.
The generator is initially rotating at 25 rad/s. As shown in
Fig. 10b, when the wind speed increases, the input mechanical
power also increases and thus the electrical power produced by
the generator increases. Typically, the mechanical input poweris slightly greater than the electrical power production due to
the system losses.
To realize the feasibility of the grid side controller, Fig. 11
presents the dc link voltage variation, active, and reactive pow-
ers. The controller gives good agreement between the actual
and reference values of the dc link voltage thus the actual dc
voltage is almost constant over the whole investigation win-
dow as shown in Fig. 11a. Fig. 11b shows that the power in-
jected to the grid is dependent on the average wind speed,
The reactive power fed to the grid is shown in Fig. 11c which
is approximately zero, i.e., the generator is working at unity
power factor.
5.2. Case (2)
In case (2), the wind speed proﬁle, shown in Fig. 12a, varies
randomly with time and having an average value of 12 m/s
and 20% turbulence intensity. Wind speed time series is given
Fig. 13 (a) Measured and reference speed of PMSG in rad/s, and (b) mechanical input and output electric power in Watt.
Fig. 14 Simulation results of WECS under grid side converter, case (2): (a) dc link voltage in volt. (b) Grid output active power in Watts,
and (c) Grid output reactive power in Vars.
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Wind Turbine Blockset, Matlab/Simulink [18]. The tip speed
ratio and power coefﬁcient of wind turbine are given in
Fig. 12b and c respectively. It is obvious from these ﬁgures that
kopt and Cp_max are almost constant for the period conducted
in simulation.
The generator speed and the electrical and mechanical
powers are presented in Fig. 13. As shown from Fig. 13a,
the actual speed almost coincides with the reference speed.
Hence, the control scheme of the generator side converter
gives appropriate performance and is capable to afford the
MPPT facility for PMSG-based wind turbines. Fig. 13b
shows the mechanical and electrical powers produced by the
wind turbine. It is clear that impacts of the capricious varia-
tion in wind speed proﬁle are more signiﬁcant on the mechan-
ical input power compared to electrical output power. This is
due to the generator inertia and buffering effect of the con-
verters with the dc-link.Fig. 14 gives the performance of grid side converter control-
ler under random change in wind speed proﬁle, as shown in
Fig. 14a the dc link voltage is constant over the whole period.
The active power fed to grid is shown in Fig. 14b, and the reac-
tive power fed to grid is shown in Fig. 14c. Zero reactive power
exchange at the PCC is recognized.
6. Identiﬁcation of MPPT
MPPT is implemented without wind speed sensor. The opti-
mality is achieved when the generator torque follows the
optimum torque curve, therefore the generator speed is gov-
erned by means of generator torque control [21,23].
To explain the concept of MPPT for the case under study,
the wind speed proﬁle described in case (1) is considered
(Fig. 9a). Suppose that at wind speed Vw (12 m/s), the genera-
tor’s torque Te and turbine’s torque Tm coincide at the opti-
mum operating (point A) as seen from Fig. 15, when the
Fig. 16 Response of wind turbine and generator torques.
Fig. 15 Torque versus generator speed characteristic.
84 A.H. Kasem Alaboudy et al.wind speed changes to Vw (14 m/s) at t= 2 s, Tm changes
abruptly and moves to point B, as shown in Fig. 16, where
Tm is 194.8 N m. However, the change of the rotor speed is im-
peded by rotor inertia. Since the generator’s torque Te is gov-
erned by the rotor speed (as seen by the red curve in Fig. 15),
the electromagnetic torque is slightly delayed. As the generator
speed increases due torque difference Tm Te, the torque Te in-
creases, refer to the optimum torque curve. On the other hand,
the turbine’s torque drops with increasing the generator speed
so that Tm and Te eventually reach the same value at the point
C. This is the maximum power point at wind speed Vw(14 m/s).7. Flicker emission of PMSG-based grid connected wind
turbines
Variable-speed wind turbines have shown better performance
related to voltage ﬂuctuation in comparison to ﬁxed-speed
wind turbines [10,13]. The reason is that variable-speed oper-
ation of the rotor has the advantage that the sharp power
variations are not transmitted to the grid due to the pres-
ence of interfacing converters. In IEC 61400-21, the contri-
bution of wind turbines to voltage ﬂuctuations is divided
into continuous operation and switching operation. This pa-
per focuses only on ﬂicker emission during continuous
operation.
Flicker is deﬁned as ‘‘an impression of unsteadiness of vi-
sual sensation induced by a light stimulus, whose luminanceor spectral distribution ﬂuctuates with time’’ [14]. Flicker
causes consumer annoyance and complaint. Furthermore, it
becomes a limiting factor for integrating wind turbines into
weak grids, and even into relatively strong grids, where the
wind power penetration levels are high.
A wind turbine with PMSG is integrated to external
power system represented by constant voltage source con-
nected in series with its Thevenin’s equivalent impedance as
in Fig. 17.
In Fig. 17, the generator represents the wind turbine which
is connected to the grid at the PCC. Vg is the voltage of the
grid (V) and is assumed to 1 pu, R and X are the resistance
and reactance of grid impedance (X), Pg and Qg are the active
(W) and reactive (Var) power ﬂow produced by the wind tur-
bine respectively. Since the grid voltage is constant, the voltage
variation at the PCC is approximately calculated with the fol-
lowing formula [11,12,14]:
DV ¼ PgRþQgX
Vg
ð18Þ
The ﬂuctuations in the active or reactive power produced
by the wind turbine result in voltage ﬂuctuations and ﬂicker
at the PCC.
The level of ﬂicker is quantiﬁed by the short-term ﬂicker
severity Pst, which is normally measured according to IEC stan-
dard IEC 61 000-4-15 [24], a ﬂickermeter model is built to calcu-
late the short-term ﬂicker severity Pst which is calculated on the
Table 1 Flicker compatibility and planning levels.
Voltage level Compatibility levels Planning levels
LV and MV MV HV and EHV
Pst 1 0.9 0.8
Fig. 17 Simpliﬁed diagram of a grid-connected wind turbine.
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ﬂickermeter description is presented in [8,9,14,24,25].The ﬂicker
limits for low, medium, and extra high voltage networks are
listed in Table 1 [24,26,27].
8. Flicker minimization of PMSG-based grid-connected wind
turbines
Even though variable speed wind turbines have good perfor-
mance with respect to ﬂicker emission, ﬂicker mitigation be-
comes necessary as the wind power penetration level
increases. As mentioned before, the variable speed wind tur-
bine with PMSG is capable of controlling the reactive power
at the PCC. Normally, the output reactive power of the wind
turbine is controlled at zero to maintain unity power factor.
It is possible that the wind turbine output reactive power can
be regulated by the grid-side converter control according to
the output active power. In this approach, the grid-side con-
verter behaves as a STATCOM at the PCC.
In this section, the voltage at the PCC is regulated by tuning
the reactive power injection which can be realized by adding
voltage regulator to the current loop of grid side converter
control, as illustrated in Fig. 18. The reactive power adjust-
ment can be used to minimize the voltage ﬂuctuation caused
by the active power ﬂow.
The voltage regulator compares the reference voltage
(which is 1 pu) with the measured voltage value and give the
error signal to PI controller that is tuned to regulate the reac-
tive power by Iqref. Thus keeps the voltage at a constant value
which reduces voltage ﬂuctuations and ﬂicker emission as well.Fig. 18 Voltage regulator (VR) control scheme.9. Simulation results
Flicker emission of grid-connected wind turbines depends on
several factors, such as grid parameters (e.g. fault level, grid
impedance angle) site parameters (e.g. mean wind speed, tur-
bulence intensity) and wind turbine conﬁguration [8–
10,12,13,15]. In the following cases, the concerned factors are
to be changed while the other parameters are kept constant
according to the base case of ﬂicker simulation described in
the appendix.
9.1. Fault level
The impact of grid fault level (short circuit ratio) on the ﬂicker
emission is shown in Fig. 19. It can be seen that there is an in-
verse proportional relationship between Pst and fault level. In
other words, the wind turbine would produce greater ﬂicker in
weak grids and vice versa. This simulation test is carried outwith
two cases of grid impedance angles, 45 and 75. Themean wind
speed at hub level equals12 m/s and site turbulence is 10%.
9.2. X/R ratio of the grid impedance
The X/R ratio of the gird impedance is studied in terms of the
impedance angle, WK= tan
1(X/R). Fig. 20 depicts the effect of
grid angle on ﬂicker emission level. The mean wind speed at hub
level is 12 m/s and site turbulence is 10%. Based on Fig. 20, at
lower fault level (10 pu), greater ﬂicker emission is induced com-
pared to the values given with 100 pu fault level. At certain grid
impedance angle, voltage variations caused by active power ﬂuc-
tuations could be cancelled by reactive power ﬂow. The grid
impedance angleWK can be deﬁned in the following equation:
tanWk ¼ X
R
ð19Þ
The wind turbine power factor angle W is:
tanW ¼ Qg
Pg
ð20Þ
Eq. (18) can be rewritten as follows
jDVj ¼ PgRð1þ tanWk  tanWÞ
Vg
ð21Þ
jDVj ¼ PgR cosðWWkÞ
Vg cosW  cosWk ð22Þ
From (21), when the difference between the grid impedance
angle WK and the wind turbine power factor angle W ap-
proaches 90, WK  W= 90, the ﬂicker emission is mini-
mized. Normally the variable speed wind turbine with
PMSG is controlled to operate at unity power factor [12],
which means no reactive power is injected into or drawn from
the grid, i.e., W= 0. To realize minimum voltage variation at
the PCC, Wk = 90, i.e., X R. Hence, for resistive grids
(lower X/R ratios), the risk of ﬂicker emission increases. As a
result, the minimum value of ﬂicker occurred at WK = 90,
which is clearly recognized in Fig. 20.
9.3. Mean wind speed
The variation of short-term ﬂicker severity Pst with mean wind
speed for the variable speed wind turbine with PMSG, is illus-
trated in Fig. 21. As shown, in low wind speeds (less than
Fig. 19 Variation of Pst with the grid fault level.
Fig. 20 Variation of Pst with the grid impedance angle.
Fig. 21 Variation of Pst with mean wind speed for WK = 45 and 75.
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Fig. 22 Variation of Pst with turbulence intensity for WK = 45.
Fig. 23 The wind speeds for different turbulence intensity values ( = 12 m/s).
Fig. 24 Performance of W.T based PMSG under normal operation without voltage regulation: (a) Wind speed; (b) Wind turbine output
active power; (c) Wind turbine output reactive power; (d) Voltage at the PCC.
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Fig. 25 Performance of W.T based PMSG under voltage regulation: (a) Output reactive power; (b) output voltage at PCC.
Fig. 26 Variation of Pst with the grid impedance angle with and without VR.
Fig. 27 Variation of Pst with mean wind speed for WK = 45 with and without regulation.
88 A.H. Kasem Alaboudy et al.10 m/s), the Pst value is very low due to a small output power
so power ﬂuctuations in the low wind region are low and there-
fore the resulting in small voltage ﬂuctuation. Then the Pst va-
lue increases with an approximate linear relation with themean wind speed until it reaches the rated wind speed. The
voltage ﬂicker decreases after the rated wind speed due to pitch
control activation that can signiﬁcantly limit the power output
and smooth out the turbulence-induced ﬂuctuations. This
c1= 0.5176; c2= 116; c3= 0.4;
c4=5; c5= 21; c6= 0.0068;
Wind turbine blade length: r= 2 m;
Air density: q= 1.225 kg m3;
Optimal tip speed ratio: kopt = 8.1;
Maximum power coeﬃcient: Cp_max = 0.48;
Stator resistance: Rs = 0.00829 O;
Stator direct inductance: Ld = 0.174 mH;
Stator quadrature inductance: Lq = 0.174 mH;
Permanent magnet ﬂux: /= 0.071 wb;
No. of pole pairs: P= 6 pair pole;
Inertia of the whole system: J= 0.089 kg m2;
Friction factor: B= 0.005 N m;
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gles; 45 and 75. The mean wind speed at hub level is main-
tained at 12 m/s and site turbulence is 10%.
9.4. Turbulence intensity
In this case, the mean wind speed at hub level is maintained
at 12 m/s, fault level is 10 pu, and the grid impedance
angle is 45. Fig. 22 shows the variation of Pst with the
turbulence intensity. As the turbulence intensity increases,
the wind proﬁle changes signiﬁcantly as in Fig. 23, which
results in a large variation of output power. As conse-
quence, the ﬂicker emission increases with increase of the
wind turbulence.
9.5. The impact of voltage regulator loop
In this subsection, the impact of voltage regulator loop is
highlighted by studying two cases depicting the system oper-
ation with and without loop activation. In the ﬁrst case, de-
scribed with different tracked signals in Fig. 24, the loop
was not activated. Fig. 24a represents wind speed variation
with 12 m/s and 10% mean value and turbulence intensity
respectively. As seen in Fig. 24c, the output reactive power
of the wind turbine is controlled to zero (unity power factor
operation). From Fig. 24d, it can be seen that there are volt-
age ﬂuctuations at the PCC, which is responsible of ﬂicker
emission phenomenon.
In the second case, described in Fig. 25, the voltage regula-
tor loop is activated and the unity power operation is disabled.
As seen in Fig. 25b, the voltage is highly smoothed and no
voltage ﬂuctuations can be detected. The reactive power
(Fig. 25a) is varied and, of course, unity power operation is
violated here. The ﬂicker emissions for the two cases under
study are depicted in Fig. 26 with different grid impedance an-
gle. Further, Fig. 27 presents ﬂicker emissions for the two cases
under study with different mean wind speeds.
From Fig. 26, it can be concluded that the ﬂicker level with
VR loop is reduced and the effect of VR loop is more signiﬁ-
cant at low grid impedance angle.
As shown in Fig. 27, the ﬂicker emission reduces when VR
is activated. The effect of VR is signiﬁcant in the linear region
of wind turbine power curve (between the cut in and rated
wind speeds). Beyond the rated wind speed, the pitch control
is also affecting the ﬂicker emission [15].dc-Link voltage: VDC = 750 V;
Capacitance of the dc link: C= 6000 lF;
Grid frequency: F= 60 Hz;
Grid resistance: Rg = 0.02 O;
Grid inductance: Lg = 0.05 m;
X/R of the grid impedance: 45 deg;
Mean wind speed Vwind: 12 m/s;
Turbulence intensity: 10%;10. Conclusion
This paper presents comprehensive modeling of direct-driven
PMSG-based grid-connected wind turbines along with the
control schemes of the interfacing converters. In this conﬁgu-
ration, two different control schemes are designed for the gen-
erator and grid side converters. Under different wind speed
conditions, MPPT is provided via the developed control sys-
tem of the generator side converter, while decoupled active
and reactive power control is performed by the means of the
grid side converter control. A voltage regulation loop is
embedded in the control scheme of the grid-side converter to
reduce ﬂicker emission. Matlab/Simulink environment is con-
ducted to examine the performance of the system.Based on the developed wind turbine model, the ﬂicker
emission of variable speed wind turbines with PMSG during
continuous operation is investigated. Simulation results show
that the wind parameters and the grid parameters have sig-
niﬁcant effects on the ﬂicker emission of the variable speed
wind turbine with PMSG. The ﬂicker level increases with
increasing in turbulence intensity and mean wind speed how-
ever, it decreases with the increase of the grid impedance an-
gle and fault level. The pitch control reduces the ﬂicker level
at higher wind speeds. Simulation results show the voltage
regulator loop has a positive effect on ﬂicker minimization
during continuous operation of grid connected wind turbines.
The paper discussion and results conﬁrm the robustness and
feasibility of .the developed control schemes of the generator
and grid side converters.Appendix A. Speciﬁcation of wind turbine [17]
1
ki
¼ 1
kþ 0:08 b
0:035
b3 þ 1 ðA:1Þ
The coefﬁcients c1 to c6:Appendix B. Permanent magnet synchronous generator
parameterAppendix C. DC bus and grid parametersAppendix D. Base case for ﬂicker simulation
Fault level: 10 pu;
90 A.H. Kasem Alaboudy et al.Appendix E. PI parameterGenerator side converter current loop:
Kp = 0.1;
Ki = 100;
Grid side converter current loop:
Kp = 2.5;
Ki = 500;
dc-link loop:-
Kp = 0.002;
Ki = 0.05;
VR loop:-
Kp = 0.055;References
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